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Microfilament disruption occurs very early in ischemic
proximal tubule cell injury
PAUL S. KELLERMAN and RONALD T. BOGUSKY
Division of Nephrology, Department of Internal Medicine, University of California, Davis, Medical Center, Sacramento, California, USA
Microfilament disruption occurs very early in lschemic proximal tubule
cell injury. Experimental ischemic acute renal failure results in disrup-
tion of proximal tubule apical membranes. Previous work utilizing
immunofluorescence with an anti-actin antibody has demonstrated that
the apical cytoskeleton of proximal tubule cells is disrupted during
ischemic injury. In this study, using rhodamine-phalloidin which stains
only filamentous actin, we demonstrate that graded durations of isch-
emia resulted in progressive disruption of proximal tubule apical
microfilaments. Quantification using spectrofluorometry showed that 5,
15 and 50 minutes of ischemia resulted in 32.8 4%, 48.8 2.5%, and
58.4 2.6% decreases in apical F-actin relative to controls. Ischemia
did not qualitatively affect either glomerular or distal tubule F-actin
structure, though there were nonprogressive increases in glomerular
fluorescence. In summary, rhodamine-phalloidin staining can be used to
qualitatively and quantitatively assess proximal tubule microfilaments
in vivo. We conclude that ischemia results in very early loss of proximal
tubule apical microfilaments, with the majority of F-actin loss occurring
within five minutes.
Experimental ischemic acute renal failure induced by bilat-
eral pedicle-clamp in the rat demonstrates characteristic struc-
tural and functional alterations in proximal tubule cells. Specif-
ically, there is sloughing of the apical microvilli [1—4] and
movement of apical membrane into the cytoplasm [5], as well as
decreased tubular transport of solute and water [6—8]. Microfil-
aments, or filamentous actin, are the primary structural com-
ponent of the proximal tubule apical microvilli [9]. In nonmus-
cle cells, actin exists in two interconvertible forms, soluble
globular (G-) actin, and filamentous (F-) actin. F-actin is assem-
bled from G-actin via an ATP-dependent process [10, 11]. We
have recently demonstrated that selective disruption of micro-
filaments with cytochalasin D resulted in decreases in proximal
tubule sodium reabsorption in an isolated perfused kidney
model [12]. In addition, indirect immunofluorescence of actin
during in vivo ischemia resulted in redistribution of actin from
the apical surface to throughout the cytoplasm [12].
Since the temporal relationship of cytoskeletal alterations to
other cellular events during ischemic injury is unknown, the
purpose of this study was to further define and quantify the
duration-dependent cytoskeletal alterations that occur during
experimental ischemic renal cell injury in vivo. To accomplish
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this goal, we have successfully adapted a stain specific only for
filamentous actin, rhodamine-phalloidin, to an in vivo model of
ischemic injury. We then utilized spectrofluorometry to both
quantify and define the time course of alterations in proximal
tubule microfilaments during ischemic injury.
Methods
Animals and diet
Male Sprague-Dawley rats (Harlan, Madison, Wisconsin,
USA) weighing 225 to 300 g were fed standard rat chow.
Fluorescence technique
Four groups of rats were studied, including sham-operated
controls, and animals subjected to 5 minutes, 15 minutes, and
50 minutes of ischemia without reperfusion. Studies were
conducted simultaneously in all four groups and repeated at
least six times. Following pentobarbital sodium anesthesia (6.25
mg/100 g body weight), the kidneys were decapsulated and the
renal pedicle clamped with two Schwartz clips for the specified
time. Surgical losses were replaced intraperitoneally with 1 ml
of saline warmed to 37°C. Immediately following clamp re-
moval, slices of superficial cortex were quickly frozen in liquid
nitrogen, embedded in O.C.T. and frozen on dry ice. Following
cryosectioning with a Reichert-Jung 2800 Frigocut cryotome,
the tissue sections were mounted on poly-l-lysine coated slides
and immediately fixed in 3.7% formaldehyde for twenty minutes
and then washed twice in phosphate-buffered saline (PBS).
Rhodamine-phalloidin (Molecular Probes, Inc., Eugene, Ore-
gon, USA) in methanol was dried down under nitrogen, mixed
in a 1:10 dilution, and applied to completely cover the tissue
sections on glass slides for twenty minutes in a humidified
chamber at 25°C. Following two washes with PBS, the samples
were mounted in a 1:1 mixture of glycerol and PBS, and viewed
with a Leitz Orthoplan universal largefield microscope
equipped with a Leitz Ploemopak 2.1 fluorescence vertical
illuminator containing an excitation/barrier filter specific for
rhodamine.
Photomicrographs were taken with a Leitz Vario Orthomat 2
microscopic camera with a 35 mm film magazine mounted on
the fluorescence microscope and the Leitz Pleomopak. The
exposure time was variable and automatically adjusted by the
camera unit dependent on the amount of fluorescence quench-
ing.
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Spectrofluorometry
The technique of spectrofluorometry is well-established [13,
14] and has been previously performed with this fluor [15].
Briefly, apical fluorescence, indicative of the relative F-actin
concentration, was measured with a Leitz MPV compact mi-
croscope photometer mounted on the fluorescence microscope.
The microspectrophotometer was interfaced with an IBM PC
through a custom designed card and software that allowed the
PC to control the shutter sequencers, to average fluorescence in
a 250-ms window, and to compile data. Because of the distinct
qualitative differences between experimental groups, it was not
possible to blind the observer to the experimental protocol.
Thus, the following criteria were utilized to standardize the
observations: (1.) All sections were 5 s thick. (2.) Saturating
quantities of rhodamine-phalloidin were used. There was no
difference in quantitative fluorescence found between 1:20 and
1:10 dilutions. (3.) The spectrofluorometry field was less than 1
x 1 m, and was placed entirely within the apical fluorescence
for each reading. (4.) All observations were made within 1
second of field placement to minimize fluorescence quenching.
To minimize reading fluorescence outside of the spectrofluo-
rometry field, the microscope field diaphragm was maximally
closed. (5.) To eliminate interassay variability in fluorescence
due to staining, spectrofluorometry field size, or decline in
photon emission with increasing lamp time, each experiment
included a new control kidney, with all specimens undergoing
sectioning, staining and quantification the same day. (6.) For
each slide, mean fluorescence expressed in mV was obtained
from 50 observations of tubules and 50 observations of separate
loci on glomeruli, with each observation consisting of a separate
tubule, and no more than five observations per glomerulus.
Although mean absolute fluorescence was measured within
each experiment, summation data were standardized by ex-
pressing the percent change in mean fluorescence relative to the
controls within the same experiment. (7.) To test the validity of
the technique, 50 observations of the same slide were per-
formed independently by the two authors resulting in a corre-
lation coefficient of 0.96 (P < 0.001).
Statistics
Comparison between control and experimental groups were
made using analysis of variance (ANOVA), with results con-
sidered statistically different if the P value was < 0.05, and
reported as <0.01, <0.05, or NS. Variance was expressed as
standard error of the mean.
Results
Rhodamine-phalloidin staining is specific for filamentous ac-
tin, without the complication of nonspecific background stain-
ing as seen with indirect immunofluorescence. Ischemic injury
demonstrated significant qualitative decreases and disruption of
rhodamine fluorescence representing proximal tubule apical
F-actin. High magnification of proximal tubules revealed the
effects of ischemia on apical microfilaments in great detail.
Control proximal tubules demonstrated bright uniform apical
fluorescence representing apical microfilaments and the termi-
nal web, with little fluorescence present in the cell cytoplasm
(Fig. 1A). Five minutes of ischemia resulted in significant
qualitative alterations in the apical brush border of proximal
tubule cells. There was loss of the uniform appearance of the
apical fluorescence with a variegate pattern (Fig. 1B). Fifteen
minutes of ischemia (Fig. IC) demonstrated significant shedding
of F-actin into the lumen, with patchy denudation of the apical
membrane (arrows). Fifty minutes of ischemia (Fig. lD) dem-
onstrated further disruption of the apical membrane microfila-
ments with focal cell loss (arrowhead) and extensive denudation
of apical surface F-actin, leaving only a thin apical line repre-
senting the terminal web. Despite extensive loss of apical
microfilaments, there were minimal changes in the cytoplasmic
F-actin fluorescence during ischemic injury. With five minutes
of ischemia there were mild qualitative increases in cytoplasmic
F-actin, but fifteen and fifty minutes of ischemia showed little
differences in the minimal staining of cytoplasmic F-actin from
controls. Control glomeruli showed bright fluorescence in the
regions between the capillary loops, with normal glomerular
structure (Fig. 2A). Qualitatively, the apical tubular fluores-
cence approximately equaled the glomerular fluorescence. Fol-
lowing 5, 15, and 50 minutes of ischemia, the glomeruli retained
their normal cytoskeletal architecture at the light level despite
the progressive disruption and qualitative decreases of proximal
tubule apical staining for microfilaments (Fig. 2B-D).
To quantify the loss of proximal tubule apical microfilaments
during ischemic injury, we used spectrofluorometry. Figure 3
shows a representative experiment. Each bar represents the
mean of fifty observations each of glomeruli and proximal
tubules. The mean fluorescence of control glomeruli and tu-
bules was approximately equal. Note the significant duration-
dependent progressive decreases in mean fluorescence, as
expressed in millivolts, in ischemic tubules relative to control
tubules. The glomeruli demonstrated nonduration-dependent
increases in F-actin relative to controls. Figure 4 summarizes
data from multiple experiments demonstrating the quantitative
decreases seen in proximal tubule apical F-actin fluorescence
relative to controls during progressive duration-dependent
ischemic injury. Five minutes of ischemia resulted in a 32.8
4% decrease in apical F-actin fluorescence when compared to
controls (N = 6, P < 0.01 within each experiment). Fifteen
minutes of ischemia resulted in a 48.8% 2.5% decrease in
apical F-actin relative to controls (N = 13, P < 0.01 within each
experiment). Fifty minutes of ischemia resulted in a further
decrease in apical microfilament staining of 58.4 2.6% when
compared to controls (N = 14, P < 0.01 within each experi-
ment). These data indicate that over half of the apical microfil-
ament losses occurred within the first five minutes of the
ischemic insult. In contrast to the tubules, ischemia resulted in
increases in glomerular F-actin over multiple experiments,
although no changes had occurred in glomerular structure at the
light level. Five, fifteen and fifty minutes of ischemia resulted in
20.5 7.3% (N = 6, P < 0.01), 18.9 3.4%(N = 10,P <0.01),
and 33.3 6.8% (N = 12, P < 0.01) increases in glomerular
F-actin when compared to controls (N = 12). Although within
each experiment, ischemia resulted in significant increases in
glomerular F-actin fluorescence relative to controls, there were
no significant differences between the increases in mean gb-
merular fluorescence during 5, 15, and 50 minutes of ischemia.
Thus, in contradistinction from the tubules, the increases in
F-actin fluorescence in the glomeruli were nonprogressive and
nonduration-dependent.
In distinction to proximal tubules, control distal tubules (Fig.
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Fig. 1. Fluorescence microscopy of duration-dependent proximal tubule apical F-actin losses during pedicle-clamp ischemia (rhodamine-
phalloidin). Following quick freezing in liquid nitrogen, cryotomy, and fixation in 3.7% formaldehyde, outer cortical samples were stained with a
1:10 dilution of rhodamine-phalloidin. A. Control tubules demonstrated homogenous fluorescence localized primarily to the apical brush border.
B. Five minutes of ischemia resulted in inhomogeneity of the apical fluorescence. C. Fifteen minutes of ischemia resulted in significant apical
F-actin disruption with patchy sloughing (arrows) and extrusion of microfilaments into the lumen. D. Fifty minutes of ischemia resulted in further
apical membrane denudation and areas of cell loss (arrowhead). Magnification was 984x for A-C, 1165 X for D.
5A) were characterized by little apical fluorescence and a more
prominent diffuse basolateral distribution of F-actin (arrows).
There was a fine line seen toward the apical surface represent-
ing terminal web staining. In contrast to the proximal tubules,
distal tubules did not show significant changes in F-actin
following ischemia except for a mild increase in overall fluores-
cence intensity. Following fifty minutes of ischemia (Fig. SB),
despite extensive apical proximal tubule microfilament disrup-
tion, there were no alterations in either the apical or the
basolateral distribution of distal tubule microfilaments (arrows).
Discussion
Experimental ischemic acute renal failure results in charac-
teristic structural, functional and membrane biochemical alter-
ations of proximal tubule cells. Structurally, pedicle-clamp
ischemia results in extensive disruption of the apical mem-
brane, with both loss of membrane into the lumen as well as
involution of surface membrane into the cytoplasm [1—5].
Functionally, there is decreased reabsorption of sodium, glu-
cose and water [6—8]. Biochemically, there is partial loss of
polarity in terms of integral membrane proteins and phospho-
lipids [8, 16].
Proximal tubule cells have specialized apical cell membranes
with microvilli to provide an extensive surface area for unidi-
rectional transport of solute from lumen to blood. The major
structural component of brush border microvilli is filamentous
(F-) actin, in the form of longitudinal bundles of microfilaments
attached distally to the microvilus tip, and connected proxi-
mally to terminal web microfilaments [9, 17]. Postulated roles
for these microfilaments include structural support for the
microvilli, anchoring of integral membrane proteins to specific
surface membrane domains, and regulation of cell-cell contact
through interactions with extracellular matrix [18]. Conversely,
disruption of microfilaments potentially may result in alter-
ations in microvilli structure, cell polarity, and cell-cell or
cell-matrix interactions [19].
We have previously demonstrated the significant role that
microfilaments play in maintaining the structural and functional
integrity of proximal tubule apical membranes [12]. Specific
microfilament inhibition utilizing cytochalasin D in an isolated
perfused kidney model resulted in disruption of proximal tubule
a,Pita A
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Fig. 2. Fluorescence microscopy of glomerular and proximal tubule F-actin during ischemia (rhodamine-phalloidin). A. Control kidneys
demonstrated uniform proximal tubule apical fluorescence, and sharply defined glomerular capillaries. Qualitatively, the apical tubular
fluorescence approximately equaled the glomerular fluorescence. B. Following five minutes of ischemia, there was disruption of the smooth apical
fluorescence, decreased tubular fluorescence relative to glomerular fluorescence, yet glomerular structure remained intact. C. Following fifteen
minutes of ischemia, there were distinct patchy losses of apical fluorescence, further decreases in tubular fluorescence, and unaltered glomeruli.
D. Following fifty minutes of ischemia, there was extensive disruption and loss of apical microfilaments, with continued preservation of glomerular
structure. Magnification was 496x for A, 551>< for B, 473 X for C, and 512 X for D.
apical surface membranes similar to that seen during ischemia.
In addition, cytochalasin D also caused duration-dependent
decreases in the tubular reabsorption of sodium and lithium.
To quantify alterations in filamentous actin during graded
durations of ischemia, we adapted rhodamine-phalloidin fluo-
rescence staining to fixed tissue sections. The technique of
quick freezing in liquid nitrogen, cryotomy with immediate
formaldehyde fixation and rhodamine-phalloidin staining spe-
cifically visualized filamentous actin in vivo in great detail
without background interference as seen with immunofluores-
cence. Because of this more specific staining technique, signif-
icant qualitative alterations of apical microfilaments were ob-
served very early during ischemia, with the major quantitative
decrement in apical F-actin occurring within five minutes of
ischemic injury. Fifteen minutes of ischemia demonstrated
sloughing and significant additional quantitative decreases in
apical F-actin. Fifty minutes of ischemia demonstrated further
apical membrane disruption and cell loss.
Although the proximal tubule is the site of ischemic injury in
this experimental model, there is controversy regarding the
tubular sites of injury occurring with in vivo ischemia. There is
morphologic evidence, primarily utilizing the isolated perfused
kidney model, that implicates the medullary thick ascending
limb as the major site of injury during hypoxic insult [20]. The
primary in vivo model used in studies of renal ischemia is the
fifty minute bilateral renal pedicle clamp in the rat, which
results in a clinical course of ischemic acute renal failure similar
to that seen in humans [21]. As expected in cells with less
specialized apical membranes and in distinction to the control
proximal tubule rhodamine-phalloidin staining, distal tubules
were identified by the lack of apical membrane actin fluores-
cence, a fine line representing the terminal web, and a more
prominent basolateral F-actin distribution. This actin distribu-
tion was unchanged with ischemic injury, in great contrast to
the significant apical injury sustained by the proximal tubules.
Our data demonstrates that in experimental in vivo ischemic
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Fig. 3. Representative spectrofluorometry of
rhodamine-phalloidin-stained outer renal
cortex. Symbols are: (0) control; () 5 mm;
(D) 15 mm; (•) 50 mi Each bar represents
the mean of fifty spectrofluorometric
measurements as expressed in millivolts.
Mean control glomerular and tubular apical
fluorescence were approximately equal. Note
the significant duration-dependent decreases
in mean tubular apical fluorescence during
isehemia relative to control. Mean glomerular
fluorescence increased significantly relative to
control, but in a nonduration-dependent
manner (**p < 0.01).
Fig. 4. Quantitative duration-dependent
** decreases in proximal tubule apical F-actinduring ischemic injury. There were highly
significant duration-dependent decreases in
F-actin within all spectrofluorometry
experiments. Five (N = 6), fifteen (N = 13),
and fifty (N = 14) minutes of isehemia
resulted in 32.8 4%, 48.8 2.5%, and 58.4
50 2.6% decreases in apical F-actin,
respectively, relative to controls (N = 14),
(**p < 0.01 within all experiments).
acute renal failure, the proximal tubule is the primary site of
structural tubular injury, based on alterations observed in
filamentous actin.
The pathophysiology of the decrease in glomerular filtration
rate seen during acute tubular necrosis is unknown. Current
theories include tubular obstruction, backleak, afferent arterio-
lar constriction, and alterations in glomerular permeability (Kr).
Although glomerular structure at the light microscopic level
remained unchanged during ischemia, there were significant
quantitative increases in filamentous actin. Mesangial cells have
significant amounts of actin [22], are contractile [23], and may
alter K. Conversely, epithelial podocytes also contain actin
and may alter K as well [24]. Since alterations in K may be
responsible for alterations in glomerular filtration rate, recruit-
ment of microfilaments and contraction of mesangial cells or
podocytes in the glomeruli may be partially responsible for the
decrease in GFR seen during ischemic injury.
In cell culture studies, ATP depletion induced by metabolic
inhibitors has resulted in disruption of microfilaments in endo-
thelial [25], epithelial [26], and fibroblast [27] cell lines. The
hallmark of in vivo ischemic renal cell injury is cellular ATP
depletion to levels below 10 to 20%, occurring within five
minutes of depletion of oxygen and nutrients [8, 28, 29].
Maintenance of renal adenine nucleotides during pedicle-clamp
ischemia with exogenous ATP or inhibitors of ATP degradation
has consistently resulted in preservation of renal structure and
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majority of apical microfilament loss occurs during the first five
minutes of experimental ischemic injury. Ischemic injury is
localized to the proximal nephron, yet is also characterized by
increased filamentous actin without morphologic alterations in
the glomeruli. We conclude that loss of apical microfilaments in
the proximal tubule is a very early event during in vivo ischemic
injury.
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